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Experimental Investigation of Entrainment Processes of a Turbulent Jet
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Abstract

A combination of Particle Image Velocimetry (PIV) and Pla-
nar Laser-Induced Fluorescence (PLIF) experiments were un-
dertaken to study entrainment processes in the far-field of a
round, turbulent jet. The experiments were performed usingwa-
ter as the test medium and a passive dye with a Schmidt number
Sc≫ 1 to identify the turbulent/non-turbulent interface of the
jet. The Reynolds number based on the nozzle exit is 25,300
and the Reynolds number based on the Taylor microscale is
Reλ ≈ 360, which is considerably higher than existing studies of
turbulent/non-turbulent interfaces in jets. Independent2D PIV
and PLIF measurements confirmed that the far-field jet charac-
teristics agree well with the classical scaling laws of turbulent
jets. Although the T/N-T interface is dominated by small-scale
fluid motion ofO(λ), we show that there also exists a balance
between the local, small-scale instantaneous entrainmentrate
and the global mean entrainment rate.

Introduction

The characterisation of entrainment processes has become a
widely studied topic, and more specifically, it is the relevance
of the turbulent/non-turbulent (T/N-T) interface to the entrain-
ment process that has been the focus of much research. The
T/N-T interface was first introduced by Corrsin & Kistler [2]
as a convoluted interface of finite thickness that separatesthe
vorticity-containing turbulent fluid from the irrotational non-
turbulent fluid, where a jump in velocity occurs.

The velocity jump across the T/N-T that had eluded many early
researchers has now been well documented for turbulent jets
[9]. Researchers observe a predominance of small length and
velocity-scales at the T/N-T interface [9, 8]. In fact, the tur-
bulent entrainment by the smallest scales (nibbling) makes a
significant contribution to the total entrainment rate [10]. The
growing understanding of the T/N-T interface has challenged
the classical views of large-scale engulfment in entrainment.
However, it should be noted that while small-scale nibblingis
important when describing the transfer of vorticity to the non-
turbulent fluid at the interface, it alone cannot explain thefull
entrainment process.

More recent research has described entrainment for turbulent
jets as a multi-stage process [4, 7]. One interpretation of this
process may be described as follows: (i) the induced inflow
draws the non-turbulent fluid towards the turbulent jet, (ii) the
large-scale eddies generate a large interfacial area, (iii) small-
scale eddies at the T/N-T transfer momentum and vorticity to
the non-turbulent fluid, and finally (iv) the effects of molecular
diffusion mixes the passive scalar. This description of entrain-
ment captures the roles of the range of scales from the large
(induced inflow and engulfment) down to the inertial and small-
scales (nibbling and molecular diffusion).

When considering the large-scale inflow of fluid into the turbu-
lent jet, it becomes apparent that the mean global entrainment of
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Figure 1: Instantaneous scalar-concentration in the far-field of
a turbulent jet atRe= 25,300.

fluid must balance the entrainment at a local level. This has re-
cently been verified in a turbulent boundary layer flow in which
the mean mass flux rate was shown to balance the sum of the
local instantaneous mass fluxes across the T/N-T interface [1].
The global entrainment rate may be given byQe = ueA, where
Qe is the entrainment rate of ambient fluid into the turbulent re-
gion, ue is the entrainment velocity in fixed coordinates, andA
is the surface area given by the mean location of the interface
[8]. From a local perspective, the entrainment flux is given by
Qe = vnS, wherevn is the propagation velocity normal to the
turbulent region, andS is the instantaneous interfacial surface
area. Hence, the local propagation velocities at the fluctuating
interface,vn, must scale with the global entrainment velocity,
ue, at a rate that is proportional to the surface area ratio,A/S.

The aim of this work is the measurement of high Reynolds num-
ber and time-resolved data to study T/N-T interface dynamics
in a turbulent jet. These processes span a large range of scales
which demands an equally large dynamic range from the exper-
imental set-up. To achieve these aims, we implemented simulta-
neous, time-resolved multi-scale-PIV and PLIF measurements
in the far-field of a round, turbulent jet. The use of a passive
dye, as measured by PLIF, allows for the identification of an
interface that is analogous to the T/N-T [10]. We are only con-
sidering turbulent entrainment (i.e. momentum fluxes) and not
the scalar mixing that occurs through diffusion; hence a small
Schmidt number is not required. The time-resolved PLIF mea-
surements provide access to the instantaneous interface veloc-
ity; this is necessary to determine the local entrainment velocity.



Experimental Setup

The experiments described in this study were undertaken in a
1 m×1 m×7 m water tank comprised of an open top section,
and Perspex sidewalls and floor, see figure 2. The turbulent
jet was generated by issuing water (ν = 1×10−6 m2s−1) from
a round nozzle (D = 10 mm) which was centrally positioned
520D away from the end-wall of the tank. Two centrifugal
pumps positioned in series provided the dynamic head to the
jet flow. The jet fluid was drawn from a separate reservoir con-
taining dyed-fluid (rhodamine 6G) for the PLIF measurements.
The flow rate of the pump system was controlled using two gate
valves and measured using an orifice plate and pressure trans-
ducers. The nozzle-exit velocity profile of the jet is a top-hat
profile and is shown in figure 3(a). The measured exit veloc-
ity of the jet is 2.53 ms−1, in agreement with the volumetric
flow-rate measurements, and this produces a turbulent jet with
Re= 25,300.

Figure 2: Schematic of the arrangement of the water tank (a), jet
nozzle (b), pumps (c), dyed-fluid reservoir (d), laser (e), laser-
sheet-forming optics (f ), and high-speed cameras (g).

PIV and PLIF Setup

The PIV measurements were performed using 10µm silver-
coated hollow glass sphere particles (Dantec Dynamics A/S)
as the flow tracers. The PLIF measurements were performed
using rhodamine 6G (Sigma-Aldrich Co. LLC) as the passive
dye; this dye exhibits maximum light absorptivity at 525 nm and
maximum light emissivity at 555 nm [3]. The Schmidt number
of rhodamine 6G in water isSc≈ 8000; the molecular diffusiv-
ity rate is therefore negligible. The effectiveness of PLIFas a
measurement tool of scalar concentration depends on a linear
relationship between concentration and intensity of the fluores-
cent signal:F ∝ IC, whereF is the dye fluorescence,I is the
local laser excitation energy, andC is the local dye concentra-
tion. The linearity of this relationship, shown in figure 3(b), was
validated by imaging a dye cell of uniform concentration. A sin-
gle high-speed 527 nm Nd:YLF laser (Quantronix Darwin Duo)
was used to illuminate the particles and dye. The laser beam
passed through a series of beam-collimating spherical optics be-
fore passing through plano-concave cylindrical lenses to form a
thin light sheet. The thickness of the light sheet was selected
and measured to be 1.5 mm thick. The particle and scalar im-
ages were recorded using high speed cameras (Photron SA1.1)
that were synchronised with the laser pulses. For the PIV exper-
iments, 12-bit uncompressed TIFF images (1024×1024 pixels)
were imported into Davis 8.1.6 (LaVision GmbH) for process-
ing. Multi-pass processing with decreasing window size was
implemented: the initial particle image correlations wereper-
formed with 64× 64 px2 interrogation windows (2× passes),
then 32×32 px2 windows (2× passes), and finally 24×24 px2

windows (2× passes) with 75% window overlap.

Simultaneous Multi-Scale-PIV/PLIF Experiment Setup

The simultaneous PIV/PLIF experiments were performed using
the aforementioned high-speed cameras and laser to capturethe

Figure 3: (a) Nozzle exit velocity profile; the grey region il-
lustrates the spatial resolution of the PIV measurements. (b)
Camera pixel brightness (counts) as a function of rhodamine
6G concentration (measured at constant laser power); a linear
fit to the points is shown by the dashed line.

Large PIV/PLIF FOV 200 mm×200 mm
Small PIV FOV 45 mm×45 mm
LFOV resolution 4.8 mm (40η)
SFOV resolution 1.4 mm (12η)
LFOV δt 3.0 ms
SFOVδt 2.0 ms

Table 1: PIV/PLIF settings for simultaneous, multi-scale mea-
surements

dynamical features of the turbulent flow. Filters were positioned
in between each camera and lens to isolate the light from par-
ticles and fluorescent dye for PIV and PLIF respectively. Only
the bottom half of the jet is captured in the large field-of-view
(LFOV) measurements, whilst the small field-of-view (SFOV)
camera was aligned to the mean T/N-T interface location. Each
velocity field and scalar field set is spaced 1 ms apart and there-
fore these measurements capture the smallest temporal evolu-
tions of the flow as determined by the Kolmogorov timescale,
τ = 14.7 ms. The use of a high-repetition laser allowed us to set
different δt times for the LFOV and SFOV PIV measurements
to optimise the typical particle displacement between images.
Additional PIV details are listed in table 1. Each run of thisex-
periment captured 5455 time-resolved vector fields, and 5 runs
of the experiment were made.

Turbulent Jet Characterisation

We first evaluate mean statistical quantities in the far-field to
verify that the jet follows classical scaling laws. The far-field
behaviour of the jet was first characterised using 2D PIV of a
large FOV (310 mm×310 mm) between 35D and 65D down-
stream of the nozzle exit. The in-plane spatial resolution is
given by the length of the final interrogation window size and
is 7.3 mm for this experiment. A total of 2000 vector fields
were captured over 4 separate runs and the vector fields were
sufficiently spaced apart in time to ensure statistical indepen-
dence. The far-field behaviour of the jet is in good agreement
with classic scaling laws for turbulent jets. Figure 4 showsex-
cellent collapse of the normalised axial velocity at various z/D.
There is greater spread of data for the normalised radial velocity
profilesV/Uc beyondr/bu = ±1 because the magnitude of ra-
dial motion is very small far from the jet centreline. These small
fluctuations cannot be captured with the resolution for thisfield
of view. Nonetheless, the profiles agree well with comparable
studies [5].

The scaling laws for a round, turbulent jet are:

Ue
Uc(z)

=
(z−z0)

DB
(1)



Figure 4: Self-similar axial velocityU (a) and radial velocityV
(b) profiles of the jet, normalised by the local centreline velocity
Uc and the local jet half-widthbu; the radial location from the
jet centreline is given byr. The mean velocities from the LFOV
PIV (blue line) and SFOV PIV (red crosses) are also shown.

for the jet centreline velocity decay, wherez0 is the virtual ori-
gin andB is the velocity scaling coefficient, and

bu(z) = S(z−z0) (2)

for the jet spreading rate, whereS is the spreading rate scaling
coefficient. As expected, we observe a linear inverse velocity
decay profile that gives a scaling coefficient ofB= 5.84. This
agrees well with the data of Husseinet al. [6] who report a
velocity decay scaling coefficient ofB= 5.8. Similarly, the jet
half-width growth rate is measured to beS= 0.092 which is
in agreement with published LDA results of Husseinet al. [6]
whereS= 0.094 (LDA) andS= 0.102 (hot-wire).

The scalar field of the jet also agrees with comparable stud-
ies. The scalar jet half-width growth rate is measured to be
S= 0.118; this is in agreement with the PLIF results of Wester-
weelet al. [10] whereS= 0.1248. An example of a PLIF image
of the instantaneous scalar concentration field is shown in fig-
ure 1. The turbulent jet atRe= 25,300 well exceeds the mixing
transition identified by Dimotakis [4], and this is also revealed
by the absence of unmixed fluid towards the core of the jet.

Additional PIV measurements were also performed over a small
FOV (38×38 mm2) in the far field to capture small-scale statis-
tics on the jet. The measurements were made between 50D and
54D downstream of the nozzle exit. The in-plane spatial res-
olution is 0.9 mm for this experiment, which equates to 7.4η,
whereη is the Kolmogorov lengthscale. The turbulent statisti-
cal quantities for the jet are presented in Table 2.

Nozzle exit diameter D 10 mm
Measurement location z 50D
Jet exit velocity Ue 2.53 m/s
Reynolds number at exit Ree 25,300
Centreline velocity at 50D U50D 0.314 m/s
RMS axial velocity urms 80 mm/s
Dissipation ε 0.0046 m2/s3

Kolmogorov length-scale η 0.12 mm
Taylor micro-scale λ 4.55 mm
Turbulent Reynolds number Reλ 360

Table 2: Estimated time and length-scales of the turbulent jet

Simultaneous Multi-Scale-PIV/PLIF Validation

The multi-scale PIV measurements exhibit good overlap be-
tween the two fields of view. This is confirmed by a comparison
of self-similar axial velocity plot shown in figure 4(a). Theself-
similar axial velocity profiles collapse well in the overlapped

region between the large FOV (LFOV) and SFOV. This agree-
ment is further confirmed with a comparison of the instanta-
neous velocity fields shown in figure 5, which shows that the
different cameras are capturing the same flow features, albeit at
different spatial resolutions. The advantages of the multi-scale
set-up are highlighted in figure 6 which shows an example of
the combined velocity and scalar fields. The LFOV identifies
the large-scale flow features of the jet whilst the SFOV identi-
fies the smaller flow features around the interface.

Figure 5: Comparison of instantaneous LFOV (left) and SFOV
(right) radial velocity fields.

Figure 6: Left: example of instantaneous scalar concentra-
tion field with interface shown by white line and superimposed
LFOV and SFOV velocity vectors. Right: same scalar field as
above but zoomed into the SFOV velocity field. All velocity
vectors are down-sampled for clarity.

Entrainment Results

We evaluate the auto-correlation of interface-normal velocity
fluctuations to identify the change in the dominant velocity
length-scale from the non-turbulent region into the turbulent re-
gion of the jet. Figure 7(a) illustrates interface-normal velocity
fluctuationsu′n for an instantaneous field captured by the SFOV
PIV experiment. An example of the auto-correlation of the nor-
mal velocities (Ru′nu′n) is shown in the inset of figure 7(b). We in-
tegrate this function to determine the integral length-scale along
the interface; see figure 7(b). There exists a minimum integral
length-scale value which occurs at T/N-T interface [9] and is
equal toΛ = 0.45λ for our measurements.

Westerweelet al. [9] calculate an integral length-scaleΛ≈ 1.7λ
along the T/N-T interface, which is 3.8× larger than our calcu-
lation. This discrepancy is attributed to the difference inscale-
separation ratio between the two studies: the jet Reynolds num-
ber in this study 12.5× larger than that in Westerweelet al.
[9]. Thus, with increasing Reynolds number, the typical eddy
length-scales at the T/N-T interface becomes even smaller to
generate a larger surface area over which diffusion can act.This



Figure 7: (a) Instantaneous scalar field (filled contours) su-
perimposed with T/N-T interface and interface-normal velocity
vectors. (b) Integral length-scale of interface-normal velocity
fluctuations as a function of scalar-threshold. Larger thresh-
old values occur further into the turbulent core region of the
jet. Inset: Auto-correlation function of the fluctuating interface-
normal velocities at the T/N-T interface.

is necessary to maintain theRe-independent spreading rate that
is observed in turbulent jets.

The entrainment rate of fluid into the turbulent region of a jet
must balance across the range of scales. In other words, as
the interfacial surface area becomes more contorted and larger,
the entrainment velocity must decrease to maintain a mass flux
rate that balances with the mean rate. We evaluate this scaling
by calculating the mass flux rate (d ˙m/dz) using three methods.
First, we consider the integral of the mean axial velocity field,

ṁ= 2π
ˆ I

0
ρU(r)rdr, (3)

whereI is the mean position of the interface for a given thresh-
old; this is calculated at each streamwise location of the LFOV
PIV. We also consider the mass flux across the interface by in-
tegrating the instantaneous interface-normal velocity along the
interface:

dṁ/dz=
ρ
ℓz

¨ ℓs

0
undsdθ, (4)

whereℓz is the streamwise extent of the interface, andℓs is the
interface length. We follow Chauhanet al. [1] in assuming
that the interface velocity is on average zero; the propagation
velocity (vn) of the turbulent region is therefore assumed to be
equal to the interface-normal velocity (un).

We observe good agreement of the mass flux rate as a function
of scalar threshold for all three methods, as illustrated byfigure
8. Thus, we observe a balance between surface area and entrain-
ment velocity between the coarse resolution of the LFOV and
the fine resolution of the SFOV measurements. The negative
mass flux rate indicates that the volume bounded by a scalar
threshold value is shrinking with downstream distance, which
occurs towards the core of the jet. Lower threshold values (i.e.
into the non-turbulent region) approach the total mass flux rate
of the jet (dṁ/dz= 5.7 kg/ms).

Conclusions

This study investigates entrainment processes in a turbulent jet
and this is achieved by analysing time-resolve, simultaneous
multi-scale-PIV/PLIF data that were measured in the far-field
of a turbulent jet. The far-field characteristics of the jet are all
in agreement with the classical scaling laws and the simultane-
ous multi-scale-PIV/PLIF technique successfully captures the
velocity and scalar fields of the turbulent jet. We determine
that the dominant turbulent length-scale along the T/N-T inter-
face (Λ = 0.45λ) is smaller than reported values because of the

Figure 8: Mass flux rate (d ˙m/dz) as a function of scalar thresh-
old, using three different calculation methods. The dashedline
indicates the total mass flux rate of the jet.

greater scale-separation achieved in this study. We also show
that the local entrainment across instantaneous interfaces bal-
ances the global entrainment rate. Future work will use the
propagation velocityvn that can be extracted from our time-
resolved measurements to validate the entrainment rate scaling.
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